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Experimental and numerical investigation of single-beam and pump-probe interaction with a reso-
nantly absorbing dense extended medium under strong and weak field-matter coupling is presented.
Significant probe beam amplification and conical emission were observed. Under relatively weak
pumping and high medium density, when the condition of strong coupling between field and reso-
nant matter is fulfilled, the probe amplification spectrum has a form of spectral doublet. Stronger
pumping leads to the appearance of a single peak of the probe beam amplification at the transi-
tion frequency. The greater probe intensity results in an asymmetrical transmission spectrum with
amplification at the blue wing of the absorption line and attenuation at the red one. Under high
medium density, a broad band of amplification appears. Theoretical model is based on the solu-
tion of the Maxwell-Bloch equations for a two-level system. Different types of probe transmission
spectra obtained are attributed to complex dynamics of a coherent medium response to broadband
polychromatic radiation of a multimode dye laser.
PACS numbers: 42.50.Gy, 42.50.Md, 42.50.Fx, 42.65.-k
I. INTRODUCTION
We present a systematical experimental study of res-
onant interaction between broadband pulsed-laser radia-
tion and an optically dense extended two-level medium.
In our experiments, the pump-probe configuration was
used and probe beam amplification and/or attenuation
were studied in detail. Single pump beam propagation
was investigated as well, and some off-axis radiation,
which is usually referred to as conical emission, was ob-
served. A theoretical model is based on the solution of
the semiclassical Maxwell-Bloch equations taking into ac-
count propagation effects of the electromagnetic field.
Investigation of resonant interactions in optically dense
media is of particular interest. In the case where the den-
sity of resonant particles is high enough that a sufficient
part of the external field can be coherently absorbed and
reemitted by the medium, a strongly coupled system of
photons and medium excitations, polaritons, is effectively
created, and collective phenomena play a key role in the
interaction processes [1]. Some specific amplitude and
phase (dispersive) characteristics that arise under this
regime lead to the appearance of coherent phenomena,
which significantly affect and enlarge the interaction pic-
ture. Particularly, many-atom vacuum Rabi oscillations
[2, 3] and optical ringing [4] reflect the coherent beating
of two normal modes of the coupled field-matter systems,
which can be described as a splitting of polariton dis-
persion curve into two branches. Such nonlinear effects
as polariton parametric amplification in semiconductor
microcavities [5, 6, 7] and a phenomenon of spectrum
condensation in atomic and molecular media [8, 9] were
observed in intracavity experiments under the large vac-
uum Rabi splitting.
The pump-probe experiments with gaseous resonantly
absorbing media have been reported in numerous publi-
cations. When the pump beam carrier frequency ωpump
is fixed and the probe beam frequency ωprobe is scanned
near the frequency of an atomic transition ω0, the probe-
beam transmission has a form of the well-known Mollow-
Boyd spectrum [10, 11, 12]. Its spectral features are de-
termined by a value of the generalized Rabi frequency of
the strong field applied. Although the theory [10, 11, 12]
is developed for the steady-state regime, it describes the
pulsed-laser experiments [13, 14] as well as experiments
with cw lasers [15]. Recently, the steady-state theory was
generalized for nonstationary processes using numerical
solution of the Maxwell-Bloch equations [16]. In all of
these experiments, the generalized Rabi frequency of the
pump beam is much greater than the spectral widths of
the atomic transition, γ2, and both laser pulses γpump
and γprobe. Besides that, a medium coherently absorbs
and reemits a small portion of the laser pulse energy,
hence the field of the medium response can be neglected
with respect to the strong external field. In this case,
the theory of light-matter interaction is reduced to the
consideration of a single atom driven by the strong elec-
tromagnetic field.
Conical emission (CE) in gaseous atomic media was
discovered by Grischkowsky in 1970 [17] and investigated
in detail by many researchers. A comprehensive review
can be found in Ref. [18]. CE is usually observed when in-
tense laser radiation (cw or pulsed), detuned to the blue
side from an atomic resonance, propagates in a dense
resonant medium. The spectrum of CE is usually much
broader than γpump and shifted to the red side of an
absorption line. Despite all efforts, only CE under cw
pumping has received a complete theoretical explana-
2tion [19]. Moreover, several different types of CE were
observed in some experiments [20, 21], suggesting that
several possible mechanisms of CE generation exist. In-
fluence of collective effects on the conical emission was
discussed in Refs. [14, 22].
In cw experiments, spectral width of the laser radia-
tion is usually much less than both homogeneous γ2 and
inhomogeneous (Doppler) γD widths of an atomic tran-
sition. In all pulsed experiments discussed above, laser
radiation has a form of smooth bell-shaped pulses with
spectral width, determined by the pulse duration such
that γpump, γprobe > γ2 and γpump, γprobe are of the same
order of magnitude as γD. In the present work, we con-
sider quite a different situation: the spectral width of
laser pulses is determined by the number of longitudinal
modes (more than 100) of a multimode dye laser and is
much greater than the inverse pulse duration and both γ2
and γD. This enables us to study interaction of radiation
with both red and blue polariton branches simultane-
ously. The envelope of such a broadband polychromatic
pulse consists of a great number of very short irregular
peaks. Detunings of the pump and probe pulses from
the transition frequency, defined as ∆0 = ωpump − ω0,
δ0 = ωprobe − ω0, are much smaller than the spectral
widths of both lasers, γpump and γprobe (here ωpump and
ωprobe correspond to mean frequencies of the pump and
probe spectra). The pump beam intensity Jpump was
scanned in the range that corresponds to the Rabi fre-
quency Ω < γpump. The relation between values of γpump,
γD, and Ω considered in the present paper characterizes a
system, which up to now was not investigated systemat-
ically. Resonant interaction of atomic media and broad-
band pulses was considered only in some works on self-
induced transparency (SIT) in the sharp line limit [23, 24]
(see also Ref. [38]) and in intracavity experiments, where
the phenomenon of self-frequency-locking, or spectrum
condensation, was studied [8, 9].
The paper is organized as follows. In Sec. II, our ex-
perimental setup is described. In Sec. III, the exper-
imental results are presented, being divided into three
parts: probe-beam transmission under extremely broad-
band pump, probe-beam transmission under relatively
narrow-band pump, and conical emission measurements.
Section IV is devoted to the theoretical model, numeri-
cal simulation, and discussion of the experimental data.
Main results are summarized in Sec. V.
II. EXPERIMENTAL SETUP
The scheme of our experimental setup is presented in
Fig. 1. We used two pulsed multimode dye lasers (1, 2)
pumped by the same Nd:YAG (where YAG stands for
yttrium aluminium garnet) laser (3) for the pump-probe
experiments. The pulse duration of both dye lasers was
about 7 ns, the probe-beam spectral width was about 1
nm. The dye laser (1) producing the pump beam has two
operation modes with different spectral widths: “broad-
band” mode γpump/2pi ≈ 300 GHz (with a prism inside
the cavity) and “narrowband” mode γpump/2pi ≈ 10 GHz
(with a diffraction grating inside the cavity). The pump
beam intensity Jpump was scanned in a range of 10
4 - 106
W/cm2 (measured pulse energies 1-100 µJ) by rotation
of a polarizer P2. The pump and probe beams were in-
tersected at the angle of about 1◦ inside a discharge tube
(4) containing a resonant medium. The probe beam spec-
trum was analyzed by means of a high-resolution spec-
trograph constructed on the optical table. The spectral
resolution was about 12 GHz. The spectra were recorded
by a charge-coupled device (CCD) camera (8) with 100 ns
exposure time. Because of great fluctuations of the mul-
timode dye-laser intensity, we averaged recorded probe
beam spectrum over 500 pulses. To control wavelength
tuning of the dye laser (1), part of its radiation was
directed to the same high-resolution spectrograph by a
beam splitter (5) and a system of mirrors.
The wavelengths of both dye lasers were tuned to a
transition of neon 1s5 - 2p9 in Paschen notation (λ=640.2
nm) with a metastable lower state. This is the strongest
red line of neon spectrum. A pulsed neon discharge was
used to produce sufficient amount of metastable neon
atoms. The discharge tube has a diameter of 10 mm and
the length L = 12 cm. The amplitude of the discharge
current was I = 4.0 - 4.5 A, pulse duration tp = 80 -
100 µs, neon pressure P = 9 - 14 Torr. Under these con-
ditions in the discharge afterglow, the metastable atom
density n0 reaches great values up to 10
13 cm−3. The op-
tical density was scanned in a range of α0L ≈ 20 - 200 by
changing the time delay τd between the discharge current
and the laser pulse. Here α0 is the absorption coefficient
at the center of Doppler-broadened absorption line. Ex-
periment was also performed with a dc discharge in neon
in the same discharge tube under the conditions of I = 2
- 50 mA and P = 0.5 - 3.5 Torr. In a dc discharge,
metastable atom density was about 1012 cm−3. We con-
trolled this value by measuring the resonant absorption
across the discharge tube. A well-known technique with
a mirror behind the discharge tube was used (mirror M9
in Fig. 1). In this configuration the same discharge tube
serves as an absorber and a light source. A spectrograph
(10) with a CCD camera (11) was used for these mea-
surements.
III. EXPERIMENTAL RESULTS
A. Pump-probe experiment with broadband pump
The results of our pump-probe experiments with
broadband pump beam are presented in Figs. 2 - 7. In
Fig. 2(a), typical spectra of the pump beam with dis-
charge switched off (curve A) and on (curve B) are plot-
ted. The absorption line contour is partially resolved
and shows the position of the atomic resonance. Here
the pump pulse energy W is about 30 µJ. At greater
power there is no absorption because of the medium sat-
3uration. Figure 2(b) shows the probe beam spectra under
the same conditions with pump beam switched on (the
pump pulse energy W ≈ 80 µJ).
We observed significant (up to six times) amplifica-
tion of some spectral components of the probe beam. In
Figs. 3 - 6, the most characteristic probe transmission
spectra K(δ) are presented, where K(δ) = J(δ)/J0(δ),
δ = ω − ω0 is the detuning from the atomic resonance,
J(δ) is the probe beam spectrum after its interaction
with the medium, and J0(δ) is the original probe beam
spectrum. Systematical investigation of these spectra
has shown that there exist four amplification modes with
different characteristic shapes of the amplification spec-
trum: (i) spectrum with a single peak at the resonance
frequency (curve A in Fig. 3); (ii) doublet centered at the
resonance frequency with partially saturated absorption
line (curve C in Fig. 3, Fig. 4); (iii) spectrum of disper-
sionlike shape (Fig. 5); and (iv) spectrum with a resonant
peak and a broad “pedestal” (Fig. 6). Four separate se-
ries of measurements are presented below to clarify how
the shape of the spectrum depends on the main param-
eters of our experiment: Jpump, Jprobe, n0, and ∆0. The
latter dependence was performed under the narrowband
pumping and is presented in Sec. III B.
1. Scanning of the pump intensity
Transmission spectra of the probe beam at different
pump powers under fixed Jprobe are presented in Fig. 3.
Curve A in Fig. 3 corresponds to the pair of spectra in
Fig. 2(b) and represents amplification spectrum of the
first type, with a single resonant peak. It appeared under
significant pump beam intensities (W > 30 µJ). The de-
pendence of the transmission at the resonance frequency
K0 on the pump pulse energy W is shown in Fig. 7.
Decrease in the pump beam power below W = 30 µJ
leads to the splitting of this peak into a doublet, i.e., spec-
trum of the second type, as it is shown by curves B and C
in Fig. 3. Spectra of the second type were investigated in
detail by means of a scanning Fabry-Perot interferome-
ter with 500 MHz spectral resolution (cf. Refs. [25, 26]).
For this experiment both the pump and probe beams
were obtained from the same dye laser with the spectral
width γpump/2pi ≈ 30 GHz. Different transition with
the same metastable lower state was used (λ=588.2 nm).
One can find a more detailed description of the experi-
mental setup and the results obtained in Refs. [25, 26].
Typical transmission spectra are presented in Fig. 4. As
it is shown, the components of the doublet are symmet-
rically detuned from the resonance frequency. There is
significant absorption near the resonance. Both compo-
nents of the doublet decrease, with pump beam power de-
creasing and completely disappearing when light-matter
interaction becomes linear.
2. Strong probe beam
Increase in the probe beam power results in transmis-
sion spectra of the third type (Fig. 5). Some asymmetry
in transmission spectrum appears under greater probe
beam power even without the pump beam. This is clearly
seen in Fig. 5 (curve B), where the single probe beam
transmission is shown. For the case of the weak probe
beam, there is no such asymmetry, as one can see in
Fig. 3 (curve D) and Fig. 4 (curve B). With the pump
switched on, this asymmetry becomes much more pro-
nounced. There is strong amplification in the blue wing
of the absorption line and attenuation in the red wing.
Antisymmetrical spectrum, shown by curve A in Fig. 5,
was observed under moderate pumping (W = 20 − 30
µJ). Decrease in the pump beam power under fixed probe
power leads to the decrease in the amplification coeffi-
cient at blue detunings, while at higher pump intensities
the amplification increases. In the latter case the probe-
beam energy integrated over the whole spectrum is am-
plified, which evidenced the existence of energy transfer
from the pump beam.
3. Increase of the optical density
Spectra of the first, second and third type were ob-
served in a broad range of metastable atom densities n0:
from 5x1011 cm−3 (in a dc discharge), up to 1013 cm−3 (in
a pulsed discharge afterglow). Increase in the n0 value
leads to higher efficiency of the probe amplification in
both the first and second amplification regimes. In the
case of the strong probe beam (third regime), evolution
of the transmission spectrum is more complicated. The
increase in n0 resulted in (i) broadening of the disper-
sionlike feature, (ii) increase in the absorption at the res-
onance frequency, and (iii) increase in the amplification
at the wing of the absorption line.
Moreover, at maximum atomic density, another, fourth
type of the amplification spectrum was observed (Fig. 6).
In the pulsed discharge experiment, the metastable atom
density rapidly increases in the afterglow, when the dis-
charge current is switched off, reaches its maximum value
(about 1013 cm−3), and then slowly decreases (the time
interval between the discharge pulses was much greater
than the characteristic decay time of n0). Curves A -
C in Fig. 6 show how the spectrum of the fourth type
varies with the time delay between the discharge and
laser pulses. Amplification reaches its maximum at the
delay of 80 µs, when n0 has a maximum. The trans-
mission spectrum of this type is a superposition of the
resonant peak, described above as the first-type spec-
trum, and the broadband amplification at the red side of
the absorption line. The spectral width of this band is
extremely large, up to 350 GHz.
4B. Pump-probe experiment with narrowband
pump
The dependence of the probe transmission spectrum on
the pump detuning ∆0 was studied under the “narrow-
band” pumping. For these measurements the dye laser
(1), producing the pump beam, was switched to the nar-
rowband mode (see Sec. II) with the spectral width [full
width at half maximum (FWHM)] γpump/2pi = 10 GHz.
Here, ∆0 corresponds to the detuning between the center
of the pump spectrum and the atomic transition. Typical
pump spectrum is shown by the curve C in Fig. 8. Com-
parison of this curve with Fig. 2(a) explains the difference
between the broadband and narrowband mode.
An earlier version of our experiment was presented in
Ref. [27]. Amplification spectra, observed in Ref. [27] un-
der narrowband pumping, were similar to the first and
third types described above. The main disadvantage of
our earlier experiments [25, 26, 27] was that both the
probe and pump beam were obtained from the same dye
laser. Scanning the frequency of the laser in Ref. [27] re-
vealed some interesting behavior of the amplification co-
efficient value, while the shape of the transmission spec-
trum was not affected. In the first amplification regime
with the “resonant peak” spectrum, amplification is the
most effective under resonant pumping ∆0 = 0, while in
the third regime with the dispersionlike spectrum, am-
plification reaches its maximum, when the pump is de-
tuned to the blue side from the resonance at ∆0 = 7
GHz. The present experimental setup allows us to scan
the pump frequency keeping the probe spectrum fixed.
The results of the present study are in general agreement
with the data reported in Ref. [27]. Typical result of
this experiment is presented in Fig. 8 demonstrating the
dispersionlike amplification contour.
C. Conical emission
In the series of measurements with metastable atom
density of about 1013 cm−3 (in pulsed discharge after-
glow) and great pump beam intensity (W ≈ 50− 100 µJ
in a “broadband” mode, or about 10 µJ in a “narrow-
band” mode), we observed the amplification of radiation
in the periphery of the pump beam, appeared indepen-
dently on the probe-beam presence. This radiation prop-
agates at the angle of θ = 10 - 15 mrad with respect to
the pump beam and forms a cone around it. In the liter-
ature, this phenomenon is usually referred to as conical
emission. It should be emphasized that in this domain,
all known experiments were carried out in vapors of al-
kali and rare-earth elements. Here we present the first
conical emission observed in a noble gas.
The transverse profile of the radiation after its passage
through the discharge tube was recorded by the same
CCD camera that was used for the probe-beam spec-
trum investigation. For this experiment the camera was
installed at a distance of 1 m behind the discharge tube.
The central and the most intense part of the pump beam
was blocked to avoid damage of the camera. In Fig. 9, a
typical image taken by the camera is shown. The inner
ring in this picture corresponds to the periphery of the
pump beam, whereas the outer one represents the coni-
cal emission. In a range of parameters explored, we did
not find any dependence of the cone angle θ on Jpump or
n0. Increase in the time delay τd leads to the decreasing
medium density and cone intensity.
We also observed conical emission in the experiments
with narrowband pump. In this regime, the cone inten-
sity depends on the pump detuning ∆0: it has two max-
ima on the wings of the absorption line and disappears at
the large detunings |∆0/2pi| > 10 GHz. This dependence
is plotted in Fig. 10.
The conical emission spectra were recorded together
with the probe-beam spectra under the same conditions.
We observed spectra with shapes very similar to the
probe-beam amplification spectra (except for the disper-
sionlike contour). One example of the conical emission
spectrum under broadband pumping is shown in Fig. 11.
The single peak is situated near the atomic resonance and
is shifted to the red side. This fact is in agreement with
other conical emission experiments, although the width
of the peak and its detuning are different.
IV. THEORETICAL MODEL AND DISCUSSION
A. Equations of the model
Theoretical model is based on the solution of the semi-
classical Maxwell-Bloch equations in the two-level ap-
proximation [28]. Using the rotating wave approxima-
tion, the system of Bloch equations can be written as
∂p
∂t
= ΩD − γ2p, (1a)
∂D
∂t
= −
1
2
(Ωp∗ +Ω∗p)− γ1 (D −D
eq) , (1b)
where Ω = 2dE/h¯ is the complex Rabi frequency of the
electromagnetic field (d is the electric dipole moment of
the atomic transition), p and D are the complex polar-
ization and population difference of atoms, and Deq is
the value of D in the absence of external field (the value
D = 1 corresponds to an atom in the ground state). The
relaxation rates γ1 and γ2 determine the homogeneous
broadening of a spectral line. Here Ω and p are the func-
tions slowly varying in time but having arbitrary spatial
dependence.
The problem of the interaction between two intersected
plane linearly polarized waves was considered. In this
case, the amplitude of the field is given by
Ω = Ω0(t, z)e
−ik0z +Ω1(t, z)e
−ik1r, (2)
5with Ω0 and Ω1 slowly varying in space. The field Ω0
with a wave vector k0 parallel to the z axis corresponds
to the strong pump wave, whereas Ω1 with k1 wave vec-
tor is assumed to be a weak probe field propagating at a
small angle of ϕ with respect to z direction. Nonlinear
interaction of the intersected waves leads to the appear-
ance of spatial polarization harmonics with wave vectors
k0+m∆k (m = 0,±1,±2, .., ∆k = k1−k0) and harmon-
ics of the population difference with m∆k wave vectors:
p =
∞∑
m=−∞
pm(t, z)e
−i(k0r+m∆kr), (3a)
D =
∞∑
m=−∞
Dm(t, z)e
−im∆kr, Dm = D
∗
−m. (3b)
The emission of the p0 and p1 polarizations corresponds
to the pump and probe fields, respectively. The emission
of higher harmonics is considered to be suppressed in a
thick medium, due to mismatch in dispersion relation,
which is in agreement with our experimental conditions.
Substituting expansions (2) and (3) into Eq. (1), and
using the first-order perturbation theory in respect of the
small amplitude of the probe field, one can get a system
of the Maxwell-Bloch equations, describing propagation
of the strong pump field,
c
∂Ω0
∂z
+
∂Ω0
∂t
= −ω2cp0, (4a)
∂p0
∂t
= Ω0D0 − γ2p0, (4b)
∂D0
∂t
= −
1
2
(Ω0p
∗
0 +Ω
∗
0p0)− γ1 (D0 −D
eq) , (4c)
and a weak probe,
c cosϕ
∂Ω1
∂z
+
∂Ω1
∂t
= −ω2cp1, (5a)
∂p1
∂t
= Ω1D0 +Ω0D1 − γ2p1, (5b)
∂D1
∂t
= −
1
2
(
Ω1p
∗
0 +Ω
∗
0p1 +Ω0p
∗
−1
)
− γ1D1, (5c)
∂p∗
−1
∂t
= Ω∗0D1 − γ2p
∗
−1, (5d)
where
ωc =
√
2pid2ω0n0
h¯
(6)
is the cooperative frequency of the medium, which plays
a role of the coupling coefficient between field and matter,
and n0 is the density of atoms in the ground state.
The character of resonant coherent interaction between
laser field and an ensemble of two-level atoms is deter-
mined by the atomic density and particular characteris-
tics of laser pulse, such as the area and energy. Tem-
poral features of propagating pulse strongly depend on
the condition whether the field reemitted by the medium
is comparable to the field that has been externally ap-
plied. In the limiting case, where reemission field is neg-
ligible in comparison to the strong externally applied one,
the model of single driven atom is usually used. Atomic
response is calculated on the basis of Bloch equations,
whereas Maxwell equations are not taken into account.
Thus, the dynamics of the system is fully determined
by the strong external field. In this context, phenom-
ena such as Rabi sideband generation due to stationary
probe-pump Mollow-Boyd effect [10, 11, 12] or to tran-
sient Rabi flopping [28] can be mentioned.
In a system, where the field of medium reaction plays
an essential role, Bloch and Maxwell equations are con-
sidered self-consistently. In the case of a single (pump)
field propagation, under the simplest conditions of an
amplitude modulated signal, and in the limit of coherent
interaction γ1,2 = 0, Eqs. (4) can be reduced to the non-
linear evolution sine-Gordon equation, which describes
the coherent breakup of a laser pulse into solitons (2pi
pulses or breathers) [29] and a nonsolitonic solution in
the form of the so-called optical ringing [30]. 2pi soli-
tons of self-induced transparency represent the pulses,
where the coherently absorbed and reemitted fields are
balanced. Nevertheless, in this case, the field applied is
still strong enough to invert a part of a medium (area of
the external field is greater than pi).
In accordance with the area theorem [28], if the area of
the input field takes the value less than pi, the nonstation-
ary dynamics of the pulse breakup into 2pi solitons cannot
be realized. On the other hand, in an optically dense co-
herent medium, another type of field oscillations, optical
ringing, appears. This oscillating response has a superra-
diant character [4] and appears in the system of strongly
coupled field and matter, where the high density of reso-
nant atoms provides the atomic system to be able to co-
herently absorb and reradiate whole energy of the weak
external electromagnetic field. The oscillations display
the process of fast excitation interchanges between field
and a two-level atomic ensemble in an extended resonant
medium and the formation of a 0pi pulse. Such coopera-
tive interactions are the transient phenomena and can be
observed when the frequency of the photon interchanges
between field and matter greatly exceeds relaxation rates
of a medium.
The collective oscillations can be treated as beating
between two normal modes of coupled linear oscilla-
tors, which correspond to splitting of the polariton (cou-
pled matter photons) dispersion curve into two branches.
Thus, contrary to nonlinear strong-field effects, the co-
herent dynamics of strongly coupled field-matter system
originates from linear (weak-field) dispersion, where field
and polarization components are represented by equal
contributions, and reemission field plays an essential role
in the light-matter interaction. Vacuum Rabi oscillations
(both single- and many-atom oscillations) [2, 3] are cav-
ity analogs of such processes. In the simplest case of a
single-mode cavity, the frequency of field and polariza-
6tion oscillations is equal to the cooperative frequency of
the medium, ωc, when the condition of strong-coupling
regime ωc ≫ γ2 is fulfilled. Under free-space interac-
tions, the frequency of field-matter photon interchanges
is also determined by the coupling coefficient (6). To
observe coherent beating of two (red and blue) polari-
ton branches, they should be excited by the laser field
simultaneously. In our experiment, this condition is ful-
filled due to resonant broadband (much broader than the
Doppler linewidth) spectrum of the radiation used.
B. Numerical results
We studied numerically interaction of polychromatic
broadband quasistochastic laser pulses in a dense
medium without population inversion. The parameters
of numerical simulations were similar to the experimen-
tal conditions. Input pump field was chosen to have the
following form:
Ω0(t, 0) = C(t)
k=N∑
k=−N
Ω0ke
i(∆0t+ωkt+αk),
Ω0k = Ω00e
−4 ln 2(ωk/γpump)
2
,
C(t) =
2
pi
e−(t−t0)/a
[
pi
2
+ arctan
(
t− t0
b
)]
, (7)
where ωk = k∆ω (k = 0,±1, ...,±N) are the modes of
the input spectrum, ∆ω is the intermode distance, ∆0 is
the detuning between the central frequency of the field
and that of the atomic resonance, and αk are the mode
phases. The phases are random numbers, which leads to
the quasistochastic temporal dependence of the electric
field. The duration of this signal does not depend on the
width of the spectrum γpump, but is determined by the
duration of the envelope, C(t).
Modeling one of the experimental realizations, we used
the following parameters of the input signal: ∆ω/2pi =
0.37 GHz, γpump/2pi = 20.0 GHz (thus, the number
of modes was about 100), the duration of the enve-
lope, C(t), was equal to 3.5 ns (a = 2.4 ns, b = 0.3
ns). The amplitude of the probe field has the form
Ω1(t, 0) = Ω0(t − τ0, 0)/g, where g ≫ 1, and a short
(about 10 ps) time delay τ0 between the fields was taken
into account. The atomic transition with γ1/2pi = 8.4
MHz and γ2/2pi = 5.4 MHz was considered. The cooper-
ative frequency of the medium was equal to ωc/2pi = 2.6
GHz and the length of the medium L = 15 cm. Since
correlation time of the field was much smaller than the
pulse duration, and great number of modes were consid-
ered, main spectral features of the output field were not
sensitive to the certain realization of random phases and
a small time delay τ0 existing in the experiment.
A typical example of the temporal behavior of the sin-
gle (pump) field at the output of the extended medium
is presented in Fig. 12. The figure shows that during
the propagation of the multimode radiation (7) through
a resonant extended medium, smooth slow solitons sepa-
rate from the quasistochastic part, that forms the initial
stage of the signal. The optical ringing accompanies the
creation of a soliton and forms the tail of the light pulse.
If the area of the input pulse takes the value less than pi,
2pi solitons are not created and the optical ringing sig-
nal can be the only and dominant part at the pulse tail.
Thus, Fig. 12 shows the transformation of the quasis-
tochastic signal with correlation time determined by the
width of the input spectrum, γpump (7), into the coher-
ent response of the dense resonant medium, determined
mainly by the field-matter coupling coefficient ωc (6) and
by the length of the medium, L.
The numerical study was based on the joint solution of
Eqs. (4) and (5). In Fig. 13, spectra of the probe field at
the input and output of the medium are displayed. The
spectra presented were obtained by convoluting the cal-
culated spectra with a smooth Gaussian function, model-
ing the transmission of the signal through a device with
finite resolution, so single modes of the polychromatic
signal are not resolved. Depending on the pump inten-
sity, two types of the probe amplification were obtained.
If the pump field is strong enough to produce non-
stationary population inversion in a two-level extended
medium, the probe is significantly amplified at the reso-
nance frequency [Fig. 13(b)]. The most essential growth
of the probe field is obtained in the space and time areas,
where a smooth 2pi soliton has formed in the pump beam,
which leads to the slow rotation of the Bloch vector and
smooth variation of the population difference between 1
and −1 values, which corresponds to transitions of the
atoms from the ground state to the excited one and back
through the coherent superposition states.
In the case of relatively small pumping intensity, the
pump pulse can propagate without producing a soliton.
This condition leads to oscillations of the Bloch vector
near the equilibrium point D = 1. Here, the ampli-
fication spectrum obtained corresponds to the spectral
doublet presented in Fig. 13(a). Moreover, a slow soli-
ton separated from the main fast part of the signal can be
absorbed in the medium during the propagation. As a re-
sult, even in this case, amplification is formed by the fast
part of the signal (quasistochastic and ringing), which
has the area equal to zero, which, again, corresponds to
the doublet in the amplification spectrum. As was shown
in Refs. [25, 26] (see also Ref. [38]), under some condi-
tions, the interaction of 0pi pulses in a dense medium
results in amplification of the coherent optical ringing.
Besides that, two maxima in the amplification spectrum
can be parametrically coupled due to the modulation of
the population difference by the pump field.
The doublet and single-maximum characters of the
probe amplification under the weak and strong pumping,
respectively, qualitatively correspond to our experimen-
tal observations presented in Figs. 3 and 4. The origin
of such spectral behavior of the probe field can be traced
to the dynamics of the pump. If the pump pulse has the
7zero area, according to the area theorem, its output spec-
trum has a form of a doublet, whereas for stronger pulses
with the areas greater than pi, the resonant spectral com-
ponent (which is equal to the area) takes a nonzero value.
The single-maximum amplification that is obtained
from the numerical simulations can be greater than the
one observed in the experiments. The discrepancy can
be explained by the fact, that this type of amplification
appears very close to the resonance frequency, since the
spectral width of a smooth soliton is much narrower than
that of the broadband polychromatic part (cf. Fig. 12).
So, the amplification maximum can be sufficiently re-
duced by the Doppler broadening of the spectral line,
which was not taken into account in the theoretical model
presented. On the other hand, the width of the doublet
amplification, which appears due to the fast oscillations,
can take a value greater than the Doppler linewidth.
C. Strong probe beam and conical emission
Our numerical model describes the interaction of two
intersected plane waves. Therefore it does not account for
some transverse effects, such as self-focusing of a beam
and conical emission. Besides that, since the probe field
was treated only in the first order, the model does not
describe nonlinear effects in the probe beam.
In the experiment, increase in the probe beam power
leads to some asymmetry in the transmission spectrum.
In this case, even without the pump beam, the probe
beam intensity is sufficient to induce nonlinear effects,
which was stressed is Sec. III A. As the pulse dura-
tion is shorter than the homogeneous relaxation times,
self-induced transparency can dramatically modify the
absorption spectrum. It has been shown numerically
[31, 32] and proved experimentally [23] that presence of
a nonzero detuning δ0 such that γD < δ0 < γprobe/2
results in the appearance of a dispersionlike feature cen-
tered at the transition frequency. The spectral compo-
nents with detunings of the same sign as δ0 are amplified,
and those with opposite sign are attenuated. We suppose
that a transmission spectrum plotted in Fig. 5 (curve B)
is related to that effect. In our experiment with pulsed
discharge, the evolution of the dispersionlike feature un-
der the increase in the metastable atom density, which
was described in Sec. III A (measurements were carried
out in the presence of the pump beam, its effect is dis-
cussed below) is in agreement with numerical results of
Ref. [32]. More complicated spectral structure, obtained
in Refs. [23, 32] under great optical densities, was unre-
solved by our apparatus.
Applying a strong pump causes the probe-beam ampli-
fication and increases the nonlinear features in its spec-
trum. It leads to the increase in the probe intensity inte-
grated over the whole spectrum and increases the asym-
metry of the transmission spectrum. This effect is clearly
seen in Fig. 5.
With a single probe beam, we observed dispersionlike
spectra of both “left” and “right” orientations, in agree-
ment with Refs. [31, 32]. In the presence of the pump
beam, a structure with amplification at the blue wing
certainly prevails over the opposite one. This fact may
be understood, taking into account the effect of resonant
self-focusing of the pump beam, which is well pronounced
under these experimental conditions. The problem of res-
onant and near resonant self-focusing and its influence
on the propagation of SIT pulses was discussed mostly
for relatively narrowband pulses (γpulse ≈ γD). It has
been shown numerically [33] and experimentally [34] that
during propagation in an extended medium, resonant
and slightly blue-detuned SIT pulses become self-focused,
while red-detuned pulses experience self-defocusing. This
effect strongly modifies transverse profile of the pump
beam as well as the profile of the probe, when its inten-
sity becomes sufficiently high. Self-focusing leads to an
increase in the axial intensity of the blue components of
the probe that increases the effective detuning δ0 of the
central, the most intense part of the beam, and results in
more pronounced asymmetry of the transmission spec-
trum. The interplay between parametric amplification,
self- and pump-induced focusing of the probe beam, and
propagation effects creates very complex picture, which
may be quantitatively described only by numerical mod-
eling.
Conical emission observed in the present experiment
appeared under the conditions that are significantly dif-
ferent from other CE experiments. We obtain CE un-
der the metastable atom density of about 1013 cm−3 and
the pump detunings ∆0 (see Fig. 10) comparable to the
Doppler width of the transition, whereas “normal” CE is
observed under much greater detunings and mostly un-
der higher medium densities. Besides that, CE observed
in the present work is insensitive to the sign of the pump
detuning ∆0, whereas “normal” CE appears under blue-
detuned pump only. The model of Cherenkov-type emis-
sion from steady-state self-trapped filaments [18], as well
as the steady-state four-wave mixing model [19], seem to
be unsuitable under conditions of our experiment. As a
nonstationary coherent phenomenon, CE was considered
in Refs. [35, 36, 37]. In these works dealing with trans-
form limited pulses, CE was obtained under the breaking
up of a laser pulse, which at least qualitatively may also
correspond to our results. The shape of CE spectrum pre-
sented here is similar to the amplified probe-beam spec-
trum observed under the same conditions. We suppose
that the mechanisms of these two phenomena are closely
related.
V. CONCLUSION
The detailed investigation of changes in the spectrum
of a polychromatic probe field, which arise during its
propagation in a dense resonant medium, is presented.
The spectral width of the radiation considered greatly ex-
ceeds both the homogeneous and inhomogeneous widths
8of the spectral line. In the simplest case of a single-beam
propagation, the dispersionlike asymmetry of the trans-
mission spectrum was observed, which was treated as a
feature of near resonant self-induced transparency in the
so-called sharp line limit. When two laser beams are in-
tersected in a medium, we observed dramatic changes in
the probe-beam spectrum: pump-induced amplification
and attenuation. The shape of the transmission spec-
trum depends on the pump and probe intensities, pump
detuning, and atomic density. Under relatively weak
pumping and high medium density, when the condition
of strong coupling between field and resonant matter is
fulfilled, the probe amplification spectrum has a form of
spectral doublet. Stronger pumping leads to the appear-
ance of a single peak of the probe beam amplification at
the transition frequency, manifesting that strong-field ef-
fects prevail over effects in a strongly coupled field-matter
system. The greater probe intensity results in an asym-
metrical transmission spectrum with amplification at the
blue wing of the absorption line and attenuation at the
red one. Under high medium density, a broad band of
amplification appears. Since, in the situation considered,
the field of medium reaction plays an important role and
forms a significant part of the coherent collective response
of a dense medium, the amplification spectra observed
differ from the well-known Mollow-Boyd spectra, which
are determined by characteristics of the strong external
field. The theoretical model presented is based on the nu-
merical solution of the Maxwell-Bloch equations for two
plane waves propagating in a dense extended medium.
It is shown that the characteristic features of the probe
amplification could be determined by the coherent non-
stationary dynamics of the pump field, particularly by
the formation of solitons and optical ringing. In some
cases, the pump-beam transverse profile also should be
taken into account. Under the certain conditions, the pe-
riphery area of the pump beam becomes amplified and
produces a conical emission. Some parameters of CE ob-
tained in the present work differ from usually observed
CE. It should be pointed out that amplified probe-beam
spectra reproduce the most characteristic features of gen-
eration spectrum of a broadband laser with an intracav-
ity absorbing cell, when the self-frequency-locking effect,
i.e., spectrum condensation, takes place [8, 9].
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FIG. 1: Scheme of the experimental setup: 1, 2, dye lasers; 3, Nd:YAG laser; 4, discharge tube; 5, beam splitter; 6, slit; 7,
diffraction grating (2400 grooves/mm); 8, optical multichannel analyzer (OMA); 9, fiber; 10, spectrograph; 11, OMA; M1 -
M9, mirrors; L1 - L8, lenses; D1 - D3, diaphragms; P1, P2, polarizers.
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FIG. 2: Dye-laser spectra: (a) the pump beam in a broadband
mode; (b) the probe beam; dc discharge, P = 0.9 Torr, I = 20
mA, λ = 640.2 nm, n0 = 10
12 cm−3, α0L = 20; A, original
dye laser spectrum; B, the spectrum after interaction with
the medium.
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FIG. 3: Probe-beam transmission spectra at different pump
powers; dc discharge, P = 1.2 Torr, I = 10 mA, λ = 640.2
nm, n0 = 10
12 cm−3, α0L = 20, broadband pump; A,W = 76
µJ; B, W = 60 µJ; C, W = 30 µJ; D, W = 0; E, calculated
classical absorption-line contour.
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FIG. 4: Probe-beam transmission spectra recorded with a
Fabry-Perot interferometer; dc discharge, P = 1 Torr, I = 50
mA, λ = 588.2 nm, n0 = 6× 10
11 cm−3, α0L = 2, W ≈ 1 µJ;
A, the pump beam on; B, the pump beam off; C, calculated
classical absorption-line contour.
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FIG. 5: Probe-beam transmission spectra in the case of strong
probe beam; dc discharge, P = 1.2 Torr, I = 10 mA, λ =
640.2 nm, n0 = 10
12 cm−3, α0L = 20, W = 26 µJ, broadband
pump; A, the pump beam on; B, the pump beam off; C,
calculated classical absorption-line contour.
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FIG. 6: Probe-beam transmission spectra at different time
delays; pulsed discharge afterglow, P = 9.0 Torr, I = 4.0 A,
tp = 100 µs, λ = 640.2 nm, n0 ≈ 10
13 cm−3, α0L ≈ 200,
W = 76 µJ, broadband pump; A, τd = 30 µs; B, τd = 80
µs; C, τd = 180 µs; D, τd = 30 µs with pump beam off; E,
calculated classical absorption-line contour.
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FIG. 7: Dependence of the transmission at the resonance
frequency K0 on the pump pulse energy W ; dc discharge,
P = 1.2 Torr, I = 10 mA, λ = 640.2 nm, n0 = 10
12 cm−3,
α0L = 20, broadband pump, transmission spectrum belongs
to the first type.
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FIG. 8: Experiment with narrowband pump; dye-laser spec-
tra; pulsed discharge afterglow, P = 14 Torr, I = 4.5 A,
tp = 100 µs, τd = 50 µs, λ = 640.2 nm, n0 ≈ 10
13 cm−3,
α0L ≈ 200, W = 20 µJ; A, original probe beam; B, the probe
beam after interaction with the medium; C, the pump beam
in a “narrowband” mode; spectral intensities of probe and
pump fields are presented in different arbitrary units.
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FIG. 9: Pump-beam transverse structure at the output of
the discharge tube; pulsed discharge afterglow, P = 14 Torr,
I = 4.5 A, tp = 80 µs, τd = 40 µs, λ = 640.2 nm, W = 10
µJ, narrowband pump, ∆0 = 0; central part of the beam is
blocked.
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FIG. 10: Cone intensity dependence on the pump detuning
∆0; pulsed discharge afterglow, P = 14 Torr, I = 4.5 A, tp =
80 µs, τd = 20 µs, λ = 640.2 nm, W = 10 µJ, narrowband
pump.
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FIG. 11: Conical emission spectrum; pulsed discharge after-
glow, P = 9 Torr, I = 4.0 A, tp = 100 µs, τd = 16 µs,
λ = 640.2 nm, W = 53 µJ, broadband pump; A, discharge
off; B, discharge on.
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FIG. 12: Temporal behavior of a polychromatic pulse af-
ter propagation in an extended resonant medium; numerical
modeling, ωc/2pi = 2.6 GHz, L = 15 cm.
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FIG. 13: Calculated spectra of the probe field at the input
(curves A) and output (curves B) of a medium; (a) dou-
blet amplification, (b) amplification with resonant maximum;
ωc/2pi = 2.6 GHz, L = 15 cm.
